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ABSTRACT 


Specimens of a 300 grade maraging steel, 17-4 PH steel, A-286, Rene 41, and 
L-605 were subjected to ultrasonic vibration during aging. Ultrasonic vibration in- 
creased the hardening rate but did not increase the maximum hardness above that of 
statically aged specimens. The heat treating environment (which included sodium, 
chloride salts, and air) was found to influence the observed hardening rates of vibrated 
aged specimens. 



EFFECT OF ULTRASONIC VIBRATION ON PRECIPITATION 
HARDENING OF STEELS AND SUPERALLOYS 


by Stanley G. Young and L. Leonard* 

Lewis Research Center 

SUMMARY 

Effects of ultrasonic vibration on the precipitation hardening of a 300 grade maraging 
steel, 17-4 PH steel, A -286, Rene 41, and L-605, were studied. A magnetostrictive 
vibrator was coupled directly to specimens of these alloys and they were vibrated at their 
natural resonant frequency while undergoing standard aging heat treatments. 

Specimen peak -to -peak vibration displacements ranged from 0. 8 to 6.4 mils 
(2. 0x10”^ to 16. 3x10"^ mm) at a frequency of 25 000 hertz. Material properties were 
compared with those of nonvibrated specimens given similar agii^ treatments. 

Application of ultrasonic vibration resulted in some increase in the hardening rate 
for most of the alloys tested; however, the maximum hardness obtained by ultrasonic 
vibration did not exceed that obtainable by statically aging any of the alloys. The tensile 
and yield strengths of vibrated specimens of the 300 grade maraging steel increased by 
approximately 1 and 2 percent above their values in the static aged condition at the recom- 
mended aging temperatures and times. Stress level did not consistently or appreciably 
affect the aging results. 

Metallographic examination of precipitates in vibrated L-605 specimens showed no 
differences from the precipitate distribution in statically aged specimens. 

The observed increase in hardening rate due to vibration was less than that reported 
by previous investigators. It is believed that the heat-treating environments used in the 
earlier investigations permitted the vibrated specimens to reach temperatures in excess 
of the desired heat-treating temperature and that is the most likely cause of the increased 
hardening rates reported previously. 


Assistant Professor, Department of Metallurgy, Case Western Reserve University, 
Cleveland, Ohio. 



INTRODUCTION 


In alloy systems in which the solid solubility decreases with decreasir^ temperature, 
the precipitation of a second phase from a solid solution can be accompanied by a marked 
change in mechanical properties. In some alloys the hardness and strength decrease 
during precipitation but in certain (age hardenii^) alloys there is a substantial increase 
in hardness and strength. The subject is extensively covered in references 1 to 4. 

Because precipitation is dependent to a large extent on diffusion, temperature is very 
important in determining the rate and amount of precipitation hardening. If the tempera- 
ture is very high, precipitate growth is rapid and alloys overage quickly. If the tempera- 
ture is low, diffusion is slow and longer aging times are required. Most alloy systems, 
however, have shown higher peaks in mechanical properties when aged at low tempera- 
tures for very long times (ref. 3). Alloy heat treatments usually are compromises be- 
tween aging time and temperature to achieve a high hardness in a reasonably short time. 
Any process that can shorten the time of aging and yet provide optimum mechanical prop- 
erties would obviously be of great value. The application of ultrasonic vibration to alloys 
during the aging treatment has been found by some (refs. 5 to 9) to be such a process; 
however, widely differing results have been reported. Some investigators found that the 
application of ultrasonic energy to aluminum base alloys increased the rate of hardening 
by a factor of 12 to 80 times that observed in an ordinary static aging procedure (refs. 5 
and 6). Others have shown a 20 fold increase in the rate of hardening of a nickel base 
alloy (ref. 7). Still others found only slight increases in the rate of hardening for alumi- 
num alloys (ref. 8) and a beryllium -bronze alloy (ref. 9). Also, different maximum 
hardness values have been reported for vibrated specimens as compared to statically 
aged specimens. Thus, higher, similar, and even lower hardness peaks have been re- 
ported for vibrated specimens than for statically aged specimens (refs. 5, 8, 10, and 11). 
It should be noted, however, that the alloys and types of equipment used varied among 
these investigations and this could account for the large differences in the reported effects 
of ultrasonic vibration. In general, most previous investigators found that ultrasonic 
vibration applied during the aging of materials increased the aging rate and improved the 
mechanical properties of alloys. These Improvements can be attributed to lattice 
stretching and increased diffusion (refs. 5 and 11 to 14). 

The purposes of this investigation were: (1) to apply ultrasonic vibration during the 
aging of certain steels and superalloys, in order to determine if their hardening and 
strengthening responses were influenced by vibration, and (2) to attempt to explain the 
wide differences in results reported by various investigators. A magnetostrictive appa- 
ratus was used to vibrate specimens at a frequency of 25 000 hertz while they were being 
subjected to age hardening heat treatments. The materials studied were a 300 grade 
maraging steel, 17-4 PH steel, A-286, Rene 41, and L-605. Heat treating temperatures 
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were in the rai^e of the manufacturer’s recommended optimum agii^ temperatures for 
each material. The effects of vibration on hardness, tensile properties, and distribution 
of precipitates within the structure, were determined for specific alloys. The effect of 
heat treating environments was also considered. In all cases, results obtained from 
statically aged control specimens were compared with results obtained with vibrated 
specimens. 


MATERIALS, APPARATUS, AND PROCEDURE 
Materials 

Specimens . - The materials investigated were the iron -base alloys, 300 grade 
maragii^ steel, 17-4 PH steel, and A -286; the nickel-base alloy Rene 41; and the cobalt- 
base alloy L-605. The nominal chemical composition of each alloy is listed in table I. 

The recommended heat treatments and nominal mechanical properties of these alloys are 
listed in table n. 

The 300 grade maraging steel has demonstrated a very wide range in degree of age 
hardening (refs. 15 and 16). The hardness of this alloy can increase on agii^ from 
approximately Rockwell C 30 to 50 or higher. 17-4 PH steel is a martensitic precipita- 
tion hardening steel and A -286 a highly alloyed precipitation hardenable iron -base mate- 
rial with an austenitic structure (ref. 17). Rene 41 is a precipitation hardening nickel- 
base alloy that has high strength at temperatures in the range of 1200° to 1800° F 
(922 to 1255 K) (ref. 18). L-605 is a cobalt -base alloy and was included because the 

precipitate in this alloy can normally be seen by optical microscopy after relatively 
short aging times (ref. 19) and was, therefore, considered to be particularly useful for 
metallographic study. 

Heat treating environment s. - Three different environments were used for heat 
treatment of the alloy specimens both statically and while they were subjected to ultra- 
sonic vibration: a sodium bath, a commercial chloride salt bath, and air. 

The sodium bath was used to heat treat the 300 grade maraging and 17-4 PH steels 
in the temperature range of 800° to 1000° F (700 to 811 K). Sodium was selected as a 
heat-treating solution because a facility for handlii^ liquid alkali metals was available 
and because of its desirable properties compared to other media. Lead, which has been 
used as a heat-treating medium by other investigators, has a high density which would 
significantly dampen the vibration of the ultrasonicaUy treated specimens. Sodium with 
a density of only 0. 97 gram per cubic centimeter was much more advantageous in this 
respect. The high heat conductivity of sodium also helped to reduce local temperature 
gradients that resulted from specimen vibration. 
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TABLE I. - NOMINAL 


Material 

Iron 

I Nickel 

Cobalt 

Chro- 

mium 

Molyb - 
j denum 

Tung- 

sten 

300 Grade 

Balance 

18. 5 

9.0 

— 

4.8 

— 

maraging steel^ 
17-4 PH steel‘d 

Balance 

i 

4 

j 

16. 5 

t 

i 

1 

A -286'^ 

i Balance 

1 

i 25. 5 

1 

1 

15.0 

1 

1 

1 1.25 


Rene 41^ 

5 

Balance 

11 

19 

9.75 

1 

1 L-605 (HS-25)® 

1 ^3 

10 

Balance 

20 

— 



^Ref. 25. 
^Maximum, 


‘^Ref. 17 . 
•^Ref. 18. 
®Ref. 26. 


OF ALLOYS TESTED, WEIGHT PERCENT 


Titanium 

Alumi-I 

num 

Boron 

1 Carbon 1 

Silicon 1 

Manga- 

nese 

Sulfur 

Phospho-I 
rus ' 

Other 

0.60 

1 

0.10 

0, 003 

’^O. 03 

•^0. 10 

*^0. 10 

*^0.010 

*^0.010 

0.2 Zr 
.05 Ca 

— 

— 


^07 

’^1.0 

'^l.O 

1 

'^.oa 

*^.04 

\ Cu 
*^.04 N 
. 3 Cb + Ta 

2. 15 

^.35 

.006 

*^.08 

.7 

1.5 

^ 03 

^04 

.3 Va 

3.15 

1. 5 

.007 

^ 12 

^5 

^ 10 

®.015. 


— 

1 

i 

.1 

1 

I'^l.O 

.( 

1 1. 5 

'^.030 

.1 

j *^.030 




TABLE n. - RECOMMENDED HEAT TREATMENTS AND NOMINAL MECHANICAL 


CJI 


PROPERTIES OF ALLOYS AT ROOM TEMPERATURE 


Material Heat treatment Aging ' Nominal mechanical properties 


as received 

1 

Temperature, Time, Condition Hardness Yield strength Tensile 
(K) hr (0. 2 percent) 

2 

psi N/m psi 

strength Elonga- 
tion, 

„ percent 
N/m^ 

Reduc- 

tion 

in area, 
percent 

300 Grade Solution annealed at 875 to 925 3 to 6 

maraging 1475° to 1525° F (741 to 769), 

steel^ (1074 to 1102 K) for air cool 

1 hour, air cool 

Annealed RC-31 110 000 7.6x10® 150 000 

(as received) 

1. 03X10® 18 

72 

Aged RC-54. 3 

283 000 

1. 95X10® 

294 000 

2. 03X10® 

12 

55 

17-4 PH Solution annealed at 900 (755), 1 

steel'’ 1900° F (1311 K), air cool 

air cool 

Annealed BHN 332 

(as received) (RC -36) 

110 000 

7. 6x10® 

150 000 

1. 03X10® 

10 

45 

Aged RC-44 

170 000 

1. 17X10® 

190 000 

1.31X10® 

10 

40 

A -286'’ Solution annealed at 1300 (977), 16 

1800° F (1255 K) for air cool 

Annealed RB-75 

(as received) 

36 000 

2.48X10® 

93 000 

6. 41X10® 

48 

70 


1 hour, water/oil 
quench 


Aged RC-29 

, 

100 000 

6. 9X10® 

145 000 

1. 0X10® 

24 

37 

Rene 41^ 

Solution annealed at 
1950° F (1339 K) for 
4 hours, air cool 

1400 (1033), 
air cool 

16 

Annealed 
(as received) 

^RC-21 

90 000 

6. ^10® 



— 

— 

Aged 

^RC -40 

154 000 

1. 06x10® 

206 000 

1. 4^10® 

14 

— 

L-605 

(HS-25)® 

Solution annealed at 
2250° to 2265° F 
(1505 to 1513 K), 
water quench 

(f) 

(f) 

Annealed 
(as received) 

RC-24 

70 000 

4. 8^10® 

150 000 

1. 03X10® 

1 

65.0 



^ef. 25. 
*^Ref. 17. 
%ef. 18. 


Measured on round specimen. 

®Ref. 26. 

f 

Generally used in the annealed condition. 



A commercial chloride salt bath was used to heat treat A-286, Rene 41, and L-605 
in the temperature rai^e from 1300° to 1600° F (978 to 1144 K). The melting point of 
the salt bath was approximately 1100° F (856 K). The chloride salt bath was chosen for 
the high temperature aging studies because it is relatively inert, nontoxic and has a wide 
temperature range between melting and boilii^. 

Finally, air was used as the heat-treatir^ medium for the 300 grade maraging steel 
at 800° F (700 K). The air test was conducted to determine the differences in aging re- 
sponse that could result from applyii^ ultrasonic vibration to a specimen in an environ- 
ment with relatively low heat transfer properties. A gas environment has previously been 
used by other investigators (refs. 6 and 7). 


Apparatus 

A photograph of the facility used is shown in figure 1. This facility was originally 
constructed to investigate cavitation damage of materials in liquid metal environments 
(ref. 20). The photograph shows the vacuum dry box and associated electronics and con- 
trol equipment. 

A schematic diagram of the magnetostrictive vibration apparatus and heat treating 
test chamber is shown in figure 2. The dry box and test chamber were designed to be 
evacuated to a pressure of approximately 10 torr (0. 13 N/m ). When sodium was used 
as the heat treating medium, the dry box was filled with high purity argon to prevent oxi- 
dation of the sodium. When chloride salt was used as the heat-treating solution, air was 
used as the cover gas. Glove ports were provided on the dry box to enable the operator 
to work within the argon atmosphere. 

A schematic diagram of the transducer assembly is shown in figure 3. The specimen 
was attached to the end of the resonant system consisting of the transducer and ampli- 
fying horn. The transducer was a commercial unit modified for use within the vacuum 
dry box. The horn served as a displacement amplifier and provided a convenient attach- 
ment for a nodal flange vapor seal. All of the components of this system were designed 
so that at the test frequency the length of each part was a multiple of one -half the wave- 
length. This design makes it possible for the entire system to vibrate as a standing wave 
of the resonant frequency. 

The displacement and frequency of vibration were detected by a magnetic pickup in- 
dicated in figure 2. A sine wave signal was sent from the pickup to an oscilloscope and 
to an automatic feedback system that maintained a constant displacement irrespective of 
variations in the resonant frequency induced by temperature changes. The electronic 
drive feedback system is described in reference 21. A schematic diagram of the control 
system is shown in figure 4. 
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Figure 1. - Ultrasonic vibration heat treating facility. 
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Figure Z - Schematic diagram of magnetostrictive vibration apparatus and 
heat treating test chamber. 
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The sine wave signal viewed on the oscilloscope was calibrated against optical 
measurements of the specimen displacement, A 200 -power microscope with a split - 
image measurii^ eyepiece was used. The accuracy of measurement with this eyepiece 
was ±0. 00002 inch (5. 1X10“*^ mm). 

Figure 5 is a schematic drawing of the relative positions of the heater, test chamber, 
heat-treating liquid, specimen, and thermocouples. Temperature profiles were taken 
both in the liquid baths and on the surface of statically aged specimens at all aging tem- 
peratures. These will be discussed in the section dealing with test conditions. The ex- 
perimental setup for static agii^ in air is shown in figure 6. This photograph shows the 
3 -zone resistance -heater furnace and a thermocoupled specimen used to measure the 
temperature gradients. 

Thermocoupled specimens could not be used during any of the vibration tests because 
the thermocouples did not remain intact or in place while the specimen was vibrated. 
Under these circumstances only the furnace environment temperature was measured. An 
optical pyrometer was used to determine the temperature rise in a specimen due to vi- 
bration when it was vibrated in air without the surrounding furnace. 
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Figure 5. - Schematic diagram showing relative positions of 
test components, specimen, and thermocouples. 
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Figure 6. - Relative vertical positions three-zone heat treating furnace and 
thermocoupled straight bar specimen used for air environment aging tests. 


Specimen Design 

Two types of specimens shown in figure 7 were used - a straight bar and a tapered 
specimen. The bulk of tests were conducted with the straight bar specimen shown in 
figure 7(a). This specimen was designed so that at 25 000 hertz a standing ultrasonic 
wave was maintained during the test. The ler^th of each straight bar specimen was de- 
termined by the wave length of the 25 000 hertz wave in each specific material. A sample 
calculation of the wavelength of the 25 000 hertz wave in 300 grade maragit^ steel is 
given in appendix A. 

An idealized example of the displacement, stress, and strain relations for a straight 
bar specimen is shown in figure 8. In the portions of the standing longitudinal wave 
where the vibration is maximum, the strain and corresponding stress are minimum. 
Where the displacement is minimum (at the nodes) the stress and strain are maximum. 
The equations for stress and strain based on displacement and distance from the node are 
given in appendix B. A sample calculation of stress and strain for a straignt bar 300 
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(b) Tapered specimen for high displacement 


CD-10250-32 


Figure 7. - Specimen designs used for ultrasonic vibration aging studies. 
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Figures. - Specimen displacement, stress, and strain profiles. 
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TABLE m. - TEST CONDITIONS 


Material 

Temperature 

Displacement 

Stress (max) 

Test times, 







9 

min 


°F 

K 

mils 

mm 

psi 

N/m'^ 


300 Grade maraging steel 

800 

700 

0 

0 

0 

0 

15, 60, 180, 360 




2.0 

.051 

22 500 

1. 55X10® 

15, 60, 180, 360 




3.0 

.076 

33 800 

2. 33X10® 

15, 30 


900 

755 

0 

0 

0 

0 

5, 60, 240, 360 




2.0 

.051 

22 500 

1. 55X10® 

5, 60, 240, 360 




0 

0 

0 

0 

16 




6.4 

. 163 

72 100 

4. 97X10® 

16 


1000 

811 

0 

0 

0 

0 

5, 30, 120, 240, 360 




2.0 

.051 

22 500 

1. 55X10® 

5, 30, 120, 240, 360 

17-4 PH steel 

900 

755 

0 

0 

0 

0 

5, 15, 30, 60, 120, 360 




2.0 

. 051 

22 950 

1. 58X10® 

5, 15, 30, 60, 120, 360 




0 

0 

0 

0 

5 




5.0 

. 127 

57 400 

3. 96x10® 

5 

A-286 

1300 

978 

0 

0 

0 

0 

5, 30, 120 




.8 

.020 

9 280 

6. 40X10”^ 

5, 30, 120 




1. 5 

. 038 

17 400 

1. 20X10® 

30 




2.0 

.051 

23 200 

1. 60X10® 

5 

Rene 41 

1400 

1033 

0 

0 

0 

0 

5, 18, 120, 240 




1. 0 

.025 

12 250 

8. 45X10'^ 

5, 18, 120, 240 




2.0 

.051 

24 500 

1. 69X10® 

5, 18 

L-605 (HS-25) 

1600 

1144 

0 

0 

0 

0 

600 




.8 

.020 

10 450 

7. 20x10"^ 

600 




1.4 

. 036 

18 300 

1. 26X10® 

10 (vibration), 600 (static) 


_2 

grade maraging steel specimen with a 2 -mil (5. 1x10 mm) peak -to -peak displacement is 
also included. All values of maximum cyclic stress for all the materials tested were 
calculated and are given in table HI. 

The second type of specimen used is shown in figure 7(b). In the tapered specimen 
the displacement of vibration was higher in the portion of the specimen with constant 
smaller diameter. High stresses up to the fatigue failure level were generated in this 
portion of tapered specimens of the 300 grade maraging steel and 17-4 PH steel. The 
design of ultrasonic fatigue specimens is discussed in references 22 and 23. 
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Test Conditions 


The test conditions for each material are listed in table in. For all materials that 
were subjected to ultrasonic vibration a control sample was given a static aging treatment 
at an equivalent temperature in the heat-treating chamber (fig. 2). Both the static and 
vibrated specimens were heat treated for the time intervals shown, checked for hard- 
ness, and then returned to the heat-treating chamber for the next time interval. The 
specimens were heat treated separately so that vibration would not be transmitted from 
the ultrasonically vibrated specimen to the statically aged control specimen. 

The test temperatures for the alloys were the manufacturers' recommended agii^ 
temperatures. The 300 grade maragii^ steel was also heat treated 100*^ F (55. 6 K) 
above and 100° F (55. 6 K) below the recommended aging temperature. 

Temperatures of the heat-treating bath were measured with thermocouples attached 
to the specimens during static tests (figs. 5 and 6), and also by several thermocouples in 
the bath durir^ both the static and vibratory tests. Bath temperatures agreed to within 
±3° F (1. 7 K) of the measured specimen temperatures in static tests. Typical tempera- 
ture distributions along the lengths of static specimens at the heat-treating temperatures 
considered are shown in figure 9. 

Several different vibration displacements were applied to determine the effect of 

stress on aging. Specimens vibrated at maximum displacements of more than 3 mils 
-2 

(7. 62x10 mm) were of the tapered type described in the previous section. 



0 2 4 6 8 10 12 14 16 

Distance from free end of specimen, cm 


Figure 9. - Typical temperature distributions in static specimens at various fur- 
nace chamber temperatures. 
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Test Procedure 


The heat -treatii^ bath was brought to the desired test temperature before inserting 
the test specimen. A temperature drop was observed in the bath upon immersion but the 
desired test temperature was usually attained in less than 10 minutes. The test time was 
measured from the time when the temperature of the lower 1/2 wavelength region of the 
specimen was within 20° F (11. 1 K) of the desired test temperature. 

A hardness traverse was made on each specimen in the solution treated condition for 
reference purposes. The hardness tester was equipped with an adapter to handle cylin- 
drical specimens. Measurements on tapered specimens were taken along the constant 
diameter portion using a similar type of adapter. Hardness measurements were repro- 
ducible within ±0. 5 unit on the Rockwell C scale and ±1. 0 unit on the Rockwell B scale. 
After each incremental aging treatment (table IH) the specimen was removed, air cooled, 
cleaned, and hardness measurements were taken along the specimen length. Specimens 
heat treated in sodium were cleaned first with alcohol, then water, and dried with clean- 
ing tissue. Specimens treated in salt were cleaned by polishing until all the salt scale 
was removed. Bearing surfaces were always polished to remove any metal raised by 
previous Rockwell impressions. 

After aging for 6 hours, tensile tests were conducted with specimens cut from both 
static and vibrated 300 grade maraging steel straight bar specimens. Figure 10 shows 
a drawir^ of the standard tensile specimen used for these tests. It was cut from the 
lower 1/2 wavelength portion of each bar specimen in such a way that the nodal portion of 
the test bar was approximately in the center of the tensile specimen. 

Metallographic examinations were made of L-605 specimens to determine the distri- 
bution of visible precipitates resulting from both the static and the ultrasonic vibration 
aging. 




CD-10249-32 


Figure 10, - Standard tensile specimen cut from nodal portion of aged straight bar speci- 
mens. {All dimensions in inches (cm), ) 
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RESULTS AND DISCUSSION 


Comparison of Hardness After Static Aging 
and Ultrasonic Vibration Aging 

The hardness distribution along the length of static and vibrated straight bar speci- 
mens treated at different temperatures are presented in figures 11 to 14. The static and 
vibrated specimens are compared at various time intervals from 5 to 360 minutes. Solid 
lines represent specimens that were heat treated with no vibration, and the dotted lines 
represent specimens that were vibrated ultrasonically while they were being heat treated. 
Generally, the maximum hardness reached by vibrated specimens was the same as that 
reached by statically aged specimens. Also, the ultrasonically vibrated specimens 
usually reached maximum hardness sooner than specimens that were statically aged. 
Overaging was observed earlier for ultrasonically vibrated than for statically aged alloys. 
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(a) Temperature, 800*^ F (700 K). Hardness at 0 time: RC 29. 6 to 30. 8. 

Figure 11. - Comparison of hardness results between static aging 
and ultrasonic vibration aging at various times for 300 grade 
maraging steel. Heat treating medium, sodium. 
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300 grade marag ing steel. - The hardness curves for the 300 grade maraging steel 
specimens aged at 800°,. 900°, and 1000° F (700, 755, and 811 K) are presented in fig- 
ure 11. The distance from 0 to 3 inches (7. 5 cm) from the free end of the specimen is 
the most significant portion of each of the hardness curves because the heat-treatii^ bath 
temperature was most uniform in this zone. For the vibrated specimen treated at 800° F 
(700 K) (fig. 11(a)), a slight increase in hardness over the statically aged specimen was 
observed at 60 minutes, but after 180 minutes exposure, the two specimens exhibited 
nearly equal hardness values. The maximum increase in hardness of the vibrated over 
the static specimen was approximately 1. 5 points on the Rockwell C hardness scale at 
any specified time. At 900° F (755 K) (fig. 11(b)), the vibrated specimen showed a slight 
(about 1 point) hardness increase over the statically aged specimen from 5 to 60 minutes, 
but nearly the same hardness beyond 240 minutes. 




Distance from free end of specimen, in. 


0 2 4 6 8 10 12 14 

Distance from free end of specimen, cm 

(b) Temperature, 900° F (755 K). Hardness at 0 time; RC 28. 9 to 30. 0. 

Figure 11. - Continued. 
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48j — 5 Vibrated at 2 mils (5. 1x10'^ mm) 



Distance from free end of specimen, in. 


0 2 4 6 8 10 12 14 

Distance from free end of specimen, cm 

(c) Temperature, 1000° F (811 K). Hardness at 0 time: RC 27. 2 to 29. 1. 

Figure 11. - Concluded. 


At 1000*^ F (811 K) (fig. 11(c)) the vibrated specimen exhibited about a two-point in- 
crease in hardness after 5 minutes exposure over the statically aged specimen. However, 
at 30 and 120 minutes the two specimens were nearly equal in hardness. At 240 and 360 
minutes the vibrated specimen decreased in hardness due to overaging compared to the 
statically aged specimen. 

17-4 PH.steel. - A comparison of hardness curves for vibrated and statically aged 
specimens of 17-4 PH steel is presented in figure 12. After 5 minutes the vibrated 
specimen showed a higher hardness than the statically aged specimen. A difference of 
about 2, 5 Rockwell C scale units was noted. 

The vibrated 17-4 PH steel specimen reached peak hardness in 15 minutes at 900° F 
(855 K) as compared to 30 minutes for the statically aged specimen. At 360 minutes the 
hardness of the vibrated specimen was as much as 2. 5 Rockwell C units below that of the 
statically aged specimen, but both specimens overaged. 
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Figure 12. - Comparison of hardness results between static aging 
and ultrasonic vibration aging at various times at 900" F (755 K) 
for 17-4 PH steel. Heat treating medium, sodium. Hardness at 
Otime: RC 31. 9 to 32. 6. 
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A-286 . - Hardness curves for statically aged and vibrated A -286 specimens are 
shown in figure 13. Vibration displacements of 0. 8, 1. 5, and 2 mils (2. 0, 3. 8, and 
5. 1x10“^ mm) were used. Since these tests were run at 1300^ F (978 K), which is near 
the upper limit of reasonable strength for this material, it was necessary to go to reduced 
vibrational displacements to permit test operation for relatively long times. In each of 
these tests, the displacement decreased continuously during the last 4 to 5 minutes of the 
test. When the displacement decreased to about 30 percent of the original displacement, 
the test was terminated. 

After 5 minutes no improvement was observed for the vibrated specimens over the 

statically aged specimen. But after 30 minutes, specimens vibrated at both 0. 8 and 1, 5 

mils showed an increase in hardness of about 2 Rockwell B scale units above the hardness 

of the statically aged specimen, and at the nodal point the increase was 4 Rockwell B 

-2 

units for 1. 5 mil vibrated specimens. The specimen vibrated at 0, 8 mils (2. 0x10 mm) 

remained 1. 5 Rockwell B units harder than the statically aged specimen after 120 minutes. 

Rene 41. - Hardness curves for specimens of Rene 41 are shown in figures 14(a) 

and (b). Figure 14(a) shows the hardness results for the statically aged specimen and a 

_2 

specimen vibrated initially at 2 mils (5. 1x10 mm) and figure 14(b) shows a similar com- 

-2 

parison for the statically aged specimen and a specimen vibrated at 1 mil (2. 5x10 mm), 

_2 

The specimen vibrated at 2 mils (5. 1x10 mm) failed after 18 minutes of testing. 

Failure was indicated by a gradual decrease in the vibration displacement from 2 mils 
-2 -2 

(5. 1x10 mm) to about 0. 2 mils (0. 5X10 mm) during the last 5 minutes of the 18 minute 
test. The vibrated specimen showed no improvement in the hardness over the static 
specimen. A zero time hardness plot is included in figure 14(a) to show that the two as- 
received specimens had an initial hardness difference of about 2 Rockwell C units. 

A hardness peak was observed in the curve for the specimen that was vibrated for 
18 minutes near the upper node. This portion of the specimen was above the heat-treating 
fluid level. Consequently, the effects observed in this region are considered to be out- 
side of the scope of this investigation. It is believed that the hardness peak observed 
with the vibrating specimen near the upper node is not particularly significant, but it may 
be indicative of a possible optimum combination of vibratory stress, environment, time, 

and temperature for this alloy. Severe cracking was also observed near the upper node 

-2 

of this specimen. The specimen vibrated at 1 mil (2. 5X10 mm), figure 14(b), showed 
no significant hardness increase over the statically aged specimen until after 120 minutes 
of vibration. At 240 minutes the vibrated specimen had a maximum hardness increase of 
2 Rockwell C units above the hardness of the static specimen. The hardness (Rock- 
well C 40) reached by the vibrated specimen in 4 hours is equivalent to the optimum hard- 
ness that can be reached by statically aging this alloy for 16 hours. 
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Figure 13. - Comparison of hardness results between static aging 
and ultrasonic vibration aging at various times at 1300° F 
{978 K) for A-286. Heat treating medium, chloride salts. 
Hardness at 0 time: RB 76. 0 to 78. 8. 
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(a) Ultrasonic vibration at 2 mils (5. 1x10”^ mm). 


Figure 14. - Comparison of hardness results between static aging 
and ultrasonic vibration aging at various times at 1400° F 
(1033 K) for Rene 41. Heat treating medium, chloride salts. 
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(b) Ultrasonic vibration at 1 mi! (2. 5x10'^ mm). Hardness at 0 time: 
RC 20. 0 to 21. 8. 

Figure 14. - Concluded. 


22 



L-605 . - Hardness curves are not shown for L-605 because no significant change in 
hardness was observed on aging the annealed material. This material was tested pri- 
marily to make metallographic studies of the precipitate distribution. 


Effect of Vibration Stress on Aging 

When ultrasonic vibration is applied to a straight bar type specimen by direct cou- 
pling to the transducer, the specimen will vibrate most efficiently at a resonant fre- 
quency, determined by its length. The specimen length is usually chosen to be a multi- 
ple of 1/2 the wavelength of the applied frequency. When the specimen vibrates, stress 
within the specimen can vary from near zero at the free vibrating end to a maximum at 
the stationary nodes. Certain investigators considered the effect of this variable stress 
on diffusion of nitrogen in steel (ref. 24); and others showed that there was increased 
carburization of iron in the highly stressed nodal regions of their specimens (ref. 13). 
However, in most investigations of ultrasonic aging very little mention is made of the 
effect of variable stress in specimens. K applied stress were important in the aging 
process, it might be expected that large variations in the degree of age hardening should 
occur within each specimen. 



0 2 4 6 8 10 12 14 

Distance from free end of specimen, cm 

Figure 15. - Comparison of hardness results between static aging 
and ultrasonic vibration aging at various times at 800'' F C/OO K) 
for 300 grade maraging steel. Heat treating medium, sodium. 
Hardness at 0 time: RC 29. 6 to 30. 8. 
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Hardness curves for specimens vibrated at different displacements are shown in 

figures 13 to 17. It was observed in general that stresses resulting from different ultra- 

sonic vibration displacements raiding from 0, 8 mil (2. 0x10 mm) (straight bar sped- 

-2 

men) up to 6. 4 mils (16. 3x10 mm) (tapered specimens) had no consistent and apparently 

no appreciable effect on the aging results. Also, at the nodal points where stress and 

strain were maximum, essentially no difference was noted between the hardness at this 

part of the specimen and at other locations that were subjected to less stress and strain. 

In the few cases where increased hardness was observed at nodes, cracks were also 

observed in the nodal region. The cracking may be due to a fatigue mechanism. This 

cracking may have also caused some scatter of hardness data in this region. Results 

for specific materials are discussed in the following sections: 

300 grade m araging sted. - Specimens of the 300 grade maraging steel were aged at 

800° F (700 K), and the hardness curves for a statically aged specimen and straight bar 

-2 

specimens vibrated at 2 and 3 mils (5. 1 and 7. 6x10 mm) are shown in figure 15. The 

_2 

curves for the 2- and 3-mil (5. 1- and 7. 6x10 -mm) vibration specimens are essentially 
the same and also overlap the static specimen hardness curves. Also, in this figure the 
hardness at the lower node is not significantly higher than the hardness at the antinode. 
These curves support the conclusion that during aging an increased vibration stress does 
not increase the hardness of the alloy. 

Figure 16 shows the hardness curves for the 900° F (755 K) agir^ tests of tapered 

specimens of the 300 grade maragii^ steel. The vibrated specimen was run until fracture 

-2 

occurred near the node. This specimen was vibrated at 6. 4 mils (16. 3x10 mm) and it 
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Figure 16. - Hardness results from 
static aging and ultrasonic aging of 
tapered specimens of 300 grade 
maraging steel at 900 F (755 K), 
Heat treating medium, sodium. 
Hardness at 0 time; Rockwell 45N 
26. 5 to 29. 6 
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Figure 17. - Hardness results from static 
aging and ultrasonic aging of tapered 
specimens of 17-4 PH steel at TO"" F 
(755 K). Heat treating medium, sodium. 
Hardness at 0 time: Rockwell 45N 38. 8 
to 39. 4. 


failed after approximately 16 minutes. After 16 minutes the hardness of this vibrated 
specimen was within 2 Rockwell 45 N units of the specimen statically aged for 16 minutes. 

It is significant that the vibrated specimens showed no increase in hardness near the 
node as compared to the remaining portions of the specimen. Thus, in this case, ultra- 
sonic vibration stress had no observable effect on the age -hardening reaction. 

17-4 PH Steel. - Hardness curves for tapered specimens of 17-4 PH steel are pre- 
sented in figure 17. Static and vibrated specimens were aged for approximately 5 minutes 
at 900° F (755 K). The vibrated specimen failed after 5 minutes. Although considerable 
scatter is evident in the hardness data of the vibrated specimen, most hardness values of 
this specimen were approximately 2 units on the Rockwell 45 N scale above those of the 
statically aged specimen. It was also noted that hardness values of the vibrated specimen 
were no higher in the highly stressed nodal region than they were in other parts of the 
specimen. 

A -286 and Rene 41 . - The effects of increased vibration stress on hardness for A -286 
and Rene 41 are presented in figures 13 and 14, respectively, and have been discussed 
previously. These results also indicated that ultrasonic stress did not appreciably affect 
the hardness. 


Comparison of Tensile Test Data from Statically 
Aged and Vibrated Aged Specimens 


Tensile tests were made to determine if ultrasonic vibration of specimens during 
aging had any effect on tensile strength, yield strength, and ductility. The results of 
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TABLE IV. - ROOM TEMPERATURE TENSILE PROPERTY DATA OF 300 GRADE MARAGING 


STEEL SPECIMENS AFTER AGING AT VARIOUS TEMPERATURES FOR 6 HOURS 


Specimen 

Aging tempera- 

Yield strength (0. 2 percent) 

Ultimate strength 

Elongation, 

Reduction 


ture 





percent 

in area, 



K 

psi 

N/m^ 

psi 

' N/m^ 


percent 

Static 

800 

700 

260 500 

1. 80x10® 

267 700 

I. 84X10® 

9.6 

46. 1 

Vibrated^ 

800 

700 

264 900 

1.83 

270 700 

1.87 

9.6 

47. 1 

Static 

900 

755 

273 500 

1.89 

279 400 

1.93 

9.6 

52.7 

Vibrated^ 

900 

755 

277 000 

1.91 

281 900 

1.94 

9. 2 

52.8 

Static 

1000 

811 

256 700 

1.77 

268 900 

1.85 

i 10.0 

52.4 

Vibrated^ 

1000 

811 

241 400 

1.67 

255 900 

1.77 

11.2 

45. 2 


^Node of vibrated specimen at center of tensile specimen. 


the tensile tests of the 300 grade maraging steel specimens are presented in table IV and 
shown in figure 18. The solid line represents the statically aged specimens and the dot- 
ted lines the vibrated specimens. From figure 18 it can be seen that at 800° and 900° F 
(700 and 755 K), the tensile strengths and yield strengths of the vibrated specimens were 
higher than those of the static specimens by approximately 1 and 2 percent, respectively. 
The effect of vibration on ductility, at 900° F (755 K) was to decrease elongation from 
9.6 to 9.2 percent. After aging at 1000° F (811 K) the tensile and yield strengths of the 
vibrated specimen decreased by approximately 5 and 6 percent, respectively, below the 
strengths of the statically aged specimen. This drop was due to overaging of the mater- 
ial. The elongation increased by approximately 1 percent but the reduction in area of 
this specimen at fracture decreased from approximately 52 to 46 percent. 

In general, changes in the tensile properties of specimens sugjected to ultrasonic 
vibration were slight; but these changes werd consistent with the results of hardness 
tests presented previously. 


Metal log raphic Study of Precipitate in L-605 

Most of the precipitates formed during the previous aging tests were submicroscopic 
in size and would have been visible only after overaging for very long times. L-605, 
however, is an alloy which forms an observable precipitate near the grain boundaries in 
relatively short aging times. Investigators have found that working this alloy before 
aging can cause precipitates to nucleate and grow within the matrix (ref. 19). In the 
present investigation it was desirable to see if ultrasonic vibration could similarly in- 
fluence the location of the precipitate. 
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Figure 18. - Room temperature tensile property data of 300 grade maraging steel after aging for 
6 hours. Heat treating medium, sodium. 


Figure 19(a) shows the microstructure of the cobalt -base alloy, L-605, in the as- 

received, solution heat-treated condition. Figure 19(b) shows the structure of the alloy 

as aged statically at 1600° F (1144 K) for 10 hours. Most of the precipitate is observed 

in or near the grain boundaries. Figure 19(c) shows the structure of the alloy that was 

subjected to vibration of 1. 4 mils (3. 6xl0~^ mm) for 10 minutes at 1600° F (1144 K), and 

then statically aged at 1600° F (1144 K) for 10 hours. The precipitates were still seen 

to form at or near the grain boundaries. Figure 19(d) shows the structure of the L-605 

-2 

that was vibrated at 0. 8 mil (2. 0x10 mm) for 10 hours while it was being heat treated 
at 1600° F (1144 K). Again, as in the case of the other two aged specimens, most of 
the precipitates formed at or near the grain boundaries. Thus optical microscopy indi- 
cates that ultrasonic vibration did not induce nucleation sites for precipitates within the 
matrix of this alloy. 
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Figure 19. - Microstructure of L-605 after various aging treatments. Etchant, as received. (Electrolytic etched in 1(X) cc of 30 percent HCl + a few drops of H 2 O 2 ; others etched in 
30 cc boric acid + 70 cc of 5 percent H 2 SO 4 .) X250. 


Effect of Heat-Treating Environment 


The present investigation has shown a relatively small improvement in the hardening 
rate of alloys due to ultrasonic vibration as compared with some other investigations 
(refs. 5 and 7). Many previous investigators did not consider the heat added to the system 
by the ultrasonic vibration itself. If specimens become heated from vibration and no pro- 
vision is made to carry away the excess heat, diffusion will be accelerated. The resulting 
increases in hardening rates and changes in mechanical properties would then be due pri- 
marily to the temperature increase and not to some other aspect of the ultrasonic vibra- 
tion. It is, therefore, not surprisii^ that previous investigators who used liquid heat- 
treating baths (refs. 8 and 9) showed smaller increases in hardening rates and less dif- 
fusion effects than those who used powder or gas environments (refs. 7 and 13). 

The heating that can develop from vibration alone is shown in figure 20 which presents 
the results of an infrared temperature scan of a specimen vibrated in air. No heat was 
supplied to the specimen except for the heat generated internally by the vibration of the 
specimen itself. The specimen was vibrated at approximately 2 mils (5. 1x10" mm). 
Within 10 minutes the lower node of the specimen reached 310^ F (428 K). After 30 min- 
utes the lower node reached 395° F (475 K). This heatii^ due to vibration would consid- 
erably influence results of ultrasonic aging tests if steps were not taken to remove the 
added heat, especially for materials such as aluminum that age harden at low tempera- 
tures. 

To further demonstrate this heating effect, specimens of 300 grade maraging steel 
were heat treated in an air furnace at 800° F (700 K). A static and vibrated specimen were 
subjected to the 800° F (700 K) temperature for 5 minutes. Only the lower half of the 
specimen was located in the furnace (see fig. 6). After the 5 minute aging tests, hard- 
ness measurements were made. The results of the hardness measurements are shown in 
figure 21. From the figure, it can be seen that the vibrated specimen was unquestionably 
harder than the statically aged specimen, and a possible nodal effect was observed. The 
hardness of this vibrated specimen aged in air at 800° F (700 K) for 5 minutes compares 
closely with the hardness of the vibrated specimen aged in sodium at 1000° F (811 K) for 
5 minutes (fig. 11(c)). These results emphasize that the effects of ultrasonic vibration 
on agii^ can only be meaningfully evaluated if specimens are heat treated in a medium in 
which it can be assured that a fairly constant specimen temperature (close to the nominal 
desired heat-treating temperature) can be maintained. 
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Figure 20. - Temperature profile of 300 grade maraging steel speci- 
men vibrated in air at 25 000 hertz, 2 mils (5. lxlO‘2 mm). Tem- 
perature measured by infrared pyrometer (lower limit: 200° F 
or 366 K). 
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Figure 21. - Comparison of hardness results between static aging 
and ultrasonic vibration aging in air environment for 300 grade 
maraging steel. Hardness at 0 time: RC 28. 2 to 30. 8. 
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CONCLUDING REMARKS 


Energy developed by ultrasonic vibration can heat specimens above the nominal de- 
sired temperature of the heat-treating medium. This, in effect, is equivalent to stati- 
cally aging at a higher temperature. It is believed that certain beneficial effects pre- 
viously attributed to ultrasonic vibration during aging may in fact be due to such heating. 

Any attempts to further evaluate the true effects of ultrasonic vibration on precipita- 
tion hardening of a material require the use of heat-treating media with good heat trans- 
fer properties so as to carry away heat generated internally by vibration, and more 
closely maintain the desired specimen temperature. 

In this study ultrasonic vibration was found to cause some increase in hardening rate 
for the materials studied. However, it is possible that this increase was due to unmeas- 
ured specimen temperature increases caused by vibration (less than those observed in 
air) even though the high heat transfer liquid media were used. 

SUMMARY OF RESULTS 

The effect of ultrasonic vibration at a frequency of 25 000 hertz on the aging process 
was investigated over a range of temperatures for a 300 grade maraging steel, 17-4 PH 
steel, A -286, Rene 41, and L-605, using a magnetostrictive vibratory apparatus. The 
following results were obtained: 

1. Ultrasonic vibration superimposed on alloys durii^ aging increased the hardening 
rate for most of the alloys tested. For example, the vibrated 17-4 PH steel specimen 
reached peak hardness in 15 minutes at 900° F (855 K) compared to 30 minutes for 

the statically aged specimen. 

2. The maximum hardness obtained by ultrasonic vibration, although reached at an 
earlier time, did not exceed that obtainable by statically aging any of the alloys. 

3. Room temperature tensile tests of ultrasonically vibrated 300 grade maraging 
steel at 800° and 900° F (700 and 755 K) showed slight improvements in mechanical 
strength after 6 hours of aging. The tensile strength increased by about 1 percent and 
the yield strength increased by about 2 percent. 

4. For all materials tested, variations in vibration stress had no consistent or 
appreciable effect on the aging results. 

5. Metallographic examination of precipitates in vibrated L-605 specimens showed 
no differences from the precipitate distribution in statically aged specimens. 

6. An ultrasonically vibrated specimen of a 300 grade maraging steel aged in an 

air furnace showed a considerable increase in the age hardening rate over that of a static 
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specimen aged in air at 800° F (700 K). This increase was due to the increased speci- 
men temperature induced by the ultrasonic vibration. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, November 18, 1968, 

129-03-03-03-22. 
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APPENDIX A 


CALCULATION OF WAVELENGTH OF 25 000 HERTZ 
WAVE IN A 300 GRADE MARAGING STEEL 

Wavelength = X = c/f 


f frequency = 25 000 Hz 
c velocity of sound in metal = VEg/p 
E modulus of elasticity 

g acceleration of gravity = 32. 2 ft/sec^ (980 cm/sec^) 
p density 

From reference 25 - for 300 grade maraging steel: 

E 27. 5X10® Ib/in.^ (1. 895x10^^ N/m^) 
p 0. 289 Ib/in.® (8. 0 g/cm®) 

Then: 


= «/ (2.75x10'^)(32.2) ^,„/3^c 
' 0. 289 


= 1.92x10® in. /sec (4.88x10® cm/sec) 


And: 


^ c ^ 1.92X10® 

^ 2. 5X10^^ 

= 7. 68 in. (19. 5 cm) 
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APPENDIX B 


EQUATIONS OF STRESS AND STRAIN BASED ON DISPLACEMENT 
FOR STRAIGHT BAR SPECIMENS SUBJECTED TO ULTRASONIC 
VIBRATION AT 25 000 HERTZ 

(A) Derivation of stress and strain relations: 

From reference 22: 

displacement at any point of straight bar: 


6 = sin kx, where k 


2n _ f 
X c 


maximum displacement 

X distance from stationary node of specimen 
X wavelength of sound in specimen material 
f frequency = 25 000 Hz 
c velocity of sound in material 

Boundary conditions: 

(1) At point of maximum displacement, x = X/4, therefore 

6 = 5_ sin ^ - =6 sin - = 6 
o ^4 0 2 ° 

(2) At point of minimum displacement, x = 0 

5 = 6q sin 0=0 

By definition: Strain (e) = dd/dx 

6=6 sin?« 

° X 

e = ll=6 ^cos^ 

ax ° X X 
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occurs at point of minimum displacement, x = 0 

IliciX 


W = "max ' °o ^ 


Stress - maximum can be calculated from 


a = E € 
max max 


where 



or 

max 

maximum stress 


E 

modulus of elasticity 


^max 

maximum strain for displacement 

Then, 

substituting for 

a 

max 


(B) Calculation of maximum stress for a 300 grade maragii^ steel straight bar specimen 

o 

with a 2-mil (5. ixlO" -mm)(peak-to-peak) maximum displacement: 

From reference 25: 

E 27. 5x10® Ib/in.^ (1. 895x10^^ N/m^) 

X 7. 68 in. (19. 5 cm) 

o -2 

Displacement of 2 mils (5. 1x10” mm) (peak -to -peak) = 1 mil (2. 5x10 mm) dis- 
placement from zero, then, from 


^max 




2n 

X 


= (27. 5X10®)(0. 001)(2)(7r) 

7.68 

= 22 500 Vb/in} (1.6x10® N/m^) 
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